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7KLVLVDQRSHQDFFHVVDUWLFOHSXEOLVKHGE\WKH,(7XQGHUWKH&UHDWLYH&RPPRQV$WWULEXWLRQ/LFHQVH
KWWSFUHDWLYHFRPPRQVRUJOLFHQVHVE\
6WDWRUVL]LQJ
7KH VWDWRU VL]LQJ PDLQO\ IRFXVHV RQ FRPSXWLQJ VWDWRU JHRPHWULHV
VKRZQLQ)LJWRJHWKHUZLWKGHILQLQJWKHPD[LPXPFXUUHQW,PD[
WKHSKDVHZLQGLQJWXUQQXPEHUQWDQGWKHUHOHYDQW'&OLQNYROWDJH
9GF)LUVW WKH WRRWKZLGWK DQG\RNHZLGWK FDQEHGHULYHGYLD WKH
UHODWLRQVKLS EHWZHHQ WRRWK IOX[ GHQVLW\ %FW \RNH IOX[ GHQVLW\
%F\DQGDLUJDSIOX[GHQVLW\LQDQGUHVSHFWLYHO\
Bc(t) = BgπDis/(nslttwd) 
Bc(y) = BgDis/(2npywd) 
8VLQJWKHREWDLQHG\ZGDQG WZG UHOHYDQWWRRWKGHSWKYDOXHFDQEH
GHULYHGDV
tdpt = [(Dos − Dis)/2] − ywd 
7KH WRRWK RSHQLQJ WRS FDQ EH VHOHFWHG DV WZR WLPHV RI FRLO VWUDLQ
GLDPHWHUIRUPDQXIDFWXULQJSXUSRVH7KHWDQJGHSWKWGSWYDOXHFDQ
EHVHOHFWHG WREHHTXDO WR WRS7KHVORWZHGJHVZJKHLJKWGHSHQGV
RQWKHHPSOR\HGVORWZHGJHPDWHULDO
$V DIRUHPHQWLRQHG WKH WRWDO WRUTXH RI WKH ,30 PDFKLQH LV
FRQWULEXWHGE\7HPDQG7UOW,QWKHUHODWLRQVKLSVEHWZHHQ
7HP ,P DQG QW DUH SUHVHQWHG ,Q DGGLWLRQ E\ GHILQLQJ D VDOLHQF\
IDFWRU ȟ EHWZHHQ G DQG TD[LV PDJQHWLVLQJ LQGXFWDQFH 
UHOHYDQW UHODWLRQVKLS EHWZHHQ 7UOW DQG ,P WRJHWKHU ZLWK QW FDQ EH
GHULYHG LQ  ZKHUH lg(q)eqv LV WKH HTXLYDOHQW DLU JDS LQ WKH TD[LV
FRQVLGHULQJ OHDNLQJ DQG IULQJLQJ HIIHFWV 7KLV HTXLYDOHQW DLU JDS
FDQEHDSSUR[LPDWHGZLWKDJLYHQ OHDNLQJDQGIULQJLQJIDFWRU%\
DVVXPLQJ DQ HTXDO FRQWULEXWLRQ RI HOHFWURPDJQHWLF WRUTXH DQG
UHOXFWDQW WRUTXH WR WKHPDFKLQH UDWHG WRUTXH WRJHWKHUZLWK VHWWLQJ
UHOHYDQW FXUUHQW DQJOH ȕ DURXQG ± >@ ± FDQ EH
VROYHG WR GHULYH ,P DQG QW %DVHG RQ WKH REWDLQHG QW VWDWRU
UHVLVWDQFHUVDQGOHDNDJHLQGXFWDQFH/ONFDQEHFRPSXWHG>@)RUD
WZRWLPHVKRUWSHULRGRYHUORDGFDSDELOLW\WKHPD[LPXPFXUUHQWRI
WKHVWXGLHG,30WUDFWLRQPDFKLQHQHJOHFWLQJVDWXUDWLRQHIIHFW,PD[
FDQEHFRQVLGHUHGDV,P
Te = Tem + Trlt 
Tem = 3npImψmcos(β)/2; ψm = kw1ntBg1Dislstk/np 
ξLmd = Lmq; Lmq = 3μ0πDislstk(kw1nt)
2
/(8lg(q)
eqv
np
2
) 
Trlt = 3np(ξ − 1)LmqIm
2
sin(2β)/(4ξ) 
,Q SUDFWLFH DV WUDFWLRQ PDFKLQH LQ WKH (9 ZLOO EH GULYHQ YLD D
EDWWHU\ SDFN LQ WKH HOHFWULF RSHUDWLQJ PRGH WKH '& OLQN YROWDJH
YDOXH 9GF FDQ EH GHWHUPLQHG LQ DGYDQFH FRQVLGHULQJ FXUUHQW DQG
YROWDJH OLPLWDWLRQV DVVRFLDWHG ZLWK WKH HPSOR\HG EDWWHU\ SDFN
+RZHYHU DPLQLPXP9GF UHTXLUHG WREDODQFHPDFKLQHYROWDJH DW
EDVH VSHHG DQG SHDN WRUTXH FDQ EH GHWHUPLQHG XVLQJ  ZKHUH
NPL LV WKH PD[LPXP PRGXODWLRQ LQGH[ RI WKH HPSOR\HG PDFKLQH
GULYH>@DQGYPLVWKHPDFKLQHYROWDJHDVVRFLDWHGZLWKWKHWRWDODLU
JDSIOX[GHQVLW\7KHFXUUHQWDQJOHȕDWWKDWSHDNWRUTXHVWLOOFDQEH
VHOHFWHGIURP±
Vdckmi − rsImax ≥ vm 
where ψd = − Imaxsin(β)(Llk + Lmd) + ψm
ψq = Imaxcos(β)(Llk + Lmq)
vm = ωe(base) ψd
2
+ ψq
2
5RWRUVL]LQJ
7KHSXUSRVHRIWKHURWRUVL]LQJVWHSLVWRGHILQHDSSURSULDWHPDJQHW
OHQJWK OP WR SURYLGH WKH DLU JDS IOX[ %J HQVXUH GHPDJQHWLVLQJ
SURWHFWLRQDQGPDLQWDLQWKHVDOLHQF\IDFWRUȟIRUDJLYHQUHOXFWDQFH
WRUTXHDFKLHYHPHQW$FFRUGLQJWR>@HTXLYDOHQWSOXPSSDUDPHWHU
PDJQHWLF FLUFXLW RI RQHKDOI PDFKLQH SROH SDLU LV LOOXVWUDWHG LQ
)LJZKHUH5V5J5E5UW5ODQG5UEDUH WKHVWDWRU UHOXFWDQFH
DLUJDSUHOXFWDQFHURWRUEULGJHUHOXFWDQFHURWRUVHFWLRQRQWRS30
UHOXFWDQFH URWRU IOX[ EDUULHU UHOXFWDQFH DQG URWRU VHFWLRQ RQ
ERWWRP30UHOXFWDQFH UHVSHFWLYHO\ VHH)LJ8VLQJ WKLVFLUFXLW
WKHDLUJDSIOX[GHQVLW\FDQEHH[SUHVVHGLQZKHUHNONJLVWKH
WRWDOOHDNDJHIDFWRUNUOWLVWKHUHOXFWDQFHIDFWRUȝPUDQG%PUDUHWKH
UHODWLYHSHUPHDELOLW\DQGUHPDQHQWIOX[GHQVLW\RIWKHVHOHFWHG30
PDWHULDO UHVSHFWLYHO\ 'HWDLOV RI PDJQHWLF FLUFXLW DQDO\VLV DQG
FRPSXWLQJRINONJDQGNUOWFDQEHIRXQGLQ>@
Bg = klkgBmr(αpa/π)/[1 + (krltklkgμmrlg(d)
eqv
/lm)] 
2QWKHRWKHUKDQGWKHPDJQHWOHQJWKVKRXOGDOVREHVHOHFWHGWR
DYRLGGHPDJQHWLVLQJZKHQ,PD[LVDSSOLHGLQWKHRSSRVLWHGLUHFWLRQ
RI30IOX[DVVKRZQLQZKHUHBmrknFRUUHVSRQGVWRYDOXHDWWKH
NQHHSRLQWLQ%±+FXUYHRIWKHVHOHFWHG30PDWHULDO
Bg − Bmr
kn
≥ 3kw1μ0ntImax/(πnplg(d)
eqv
) 
)LJ ௒ 0DQXIDFWXUHU FRUH ORVV GDWD ZLWK RSHUDWLQJ IUHTXHQF\ DQG IOX[
GHQVLW\DVLWVLQSXWV0$

)LJ ௒ (TXLYDOHQW OXPS SDUDPHWHU PDJQHWLF FLUFXLW RI VWXGLHG ,30
WUDFWLRQPDFKLQH>@

)LJ௒$FWXDO URWRUDQGHTXLYDOHQWRXWHU ULQJ IRU VWXG\LQJRI FHQWULIXJDO
IRUFH

-(QJ
7KLVLVDQRSHQDFFHVVDUWLFOHSXEOLVKHGE\WKH,(7XQGHUWKH&UHDWLYH&RPPRQV$WWULEXWLRQ/LFHQVH
KWWSFUHDWLYHFRPPRQVRUJOLFHQVHVE\

5HDUUDQJLQJ  UHOHYDQW OP YDOXH FDQ EH REWDLQHG YLD VROYLQJ

almlm
2
+ blmlm + clm = 0 
where alm = f lm1 − Bmr
kn
blm = μmr( f lm1lg − f lm3) − Bmr
kn
( f lm2 − μmrlg(d)
eqv
)
clm = − μmr f lm2( f lm3 + Bmr
kn
lg)
f lm1 = klkgBmr
f lm2 = krltklkgμmrlgαpa/π
f lm3 = 2μ0kwlJmkpkDos
2
f of /(8np)
,Q DGGLWLRQ WKH PDJQHW OHQJWK DOVR VKRXOG EH GHWHUPLQHG WR
PDLQWDLQD VSHFLILF VDOLHQF\YDOXH IRUD VSHFLILF UHOXFWDQFH WRUTXH
DFKLHYHPHQW$FFRUGLQJ WR >@GDQGTD[LV LQGXFWDQFHRI WKH
,30PDFKLQH FDQEH FRPSXWHGXVLQJ  DQG ZKHUH3P LV
WKHHIIHFWLYHPDJQHWSHUPHDQFHDVVRFLDWHGZLWKOP
Ld = Llk + Lmd = Llk + 3Lslf(d)kαd /2 
Lq = Llk + Lmq = Llk + 3Lslf(q)kαq/2 
where kαd = 1 −
(4/π)sin(αpa
puπ /2)[αpa
pu + sin(αpa
puπ)/π]
(1 + PmRg)
kαq = αpa
pu − [sin(αpa
puπ)/π]
$IWHUVROYLQJ±OPLVVHOHFWHGDVWKHPD[LPXPYDOXH
REWDLQHG
2Q WKHRWKHUKDQG WKHEULGJH OHQJWKRIDQ ,30PDFKLQH URWRU
VKRXOGEHFKRVHQWRZLWKVWDQGLWVRZQFHQWULIXJDOIRUFHDQGWKDWRI
WKH LQQHU PDJQHWV VHH )LJ  $FFRUGLQJ WR >@ E\ GHILQLQJ DQ
HTXLYDOHQWRXWHUULQJDUHD$HTYZLWKVLPLODUPLQLPXPEULGJHOHQJWK
OEGJDQGDQHTXLYDOHQWPDVVGHQVLW\ȡHTYUHSUHVHQWHGIRUWKHEULGJH
DUHDDVVRFLDWHGZLWKWKHFRYHULQJRXWHUURWRUFRUHDUHDDQGAocr WKH
PDJQHWDUHD$PVKRZQLQ)LJWKHQHZHTXLYDOHQWRXWHUULQJ
PXVW ZLWKVWDQG WKH RULJLQDO FHQWULIXJDO IRUFH DV VKRZQ LQ 
ZKHUH ıWHTY LV WKH HTXLYDOHQW WDQJHQWLDO VWUHVV NRYV LV WKH RYHU
VSHHG IDFWRU DQG ıWPD[ LV PD[LPXP \LHOG VWUHQJWK RI VHOHFWHG
HOHFWULFDOVWHHOPDWHULDO
ρeqv = ρc(AΣm + AΣoc
r
)/Aeqv 
σt(eqv) = (Dor − lbdg)
2
ωmax
2
kovs
2
ρeqv/4 = σt(max)/2 
&RQVLGHUDWLRQRIVDWXUDWLRQHIIHFWVRQPDWHULDO
$IWHU DOO PDFKLQH GLPHQVLRQV KDYH EHHQ GHWHUPLQHG PDFKLQH
SDUDPHWHUVLQFOXGLQJVWDWRUUHVLVWDQFHGTD[LVLQGXFWDQFHDQG
 DQG 30 IOX[ OLQNDJH  ZLOO EH FDOFXODWHG XVLQJ WKH
REWDLQHGJHRPHWU\YDOXHV,WLVQRWHGWKDWWKH,30PDFKLQHLVZHOO
NQRZQ IRU LWV QRQOLQHDU FKDUDFWHULVWLFV GXH WR LWV VPDOO DLU JDS
OHQJWK7KXVWKHLWHUDWLYHSURFHVVLQWURGXFHGLQ>@LVXWLOLVHGXVLQJ
%±+ FXUYH RI WKH VHOHFWHG PDWHULDO VHH )LJ  WR DQDO\VH WKH
VDWXUDWLRQHIIHFWVLQWKHVWXGLHGPDFKLQHFKDUDFWHULVWLFV
௑9DOLGDWLRQRISURSRVHGFRQFHSW
7KH SURSRVHG PHWKRG LV YDOLGDWHG XVLQJ 7R\RWD 3ULXV 
VSHFLILFDWLRQV>@RYHUWKH1HZ(XURSHDQ'ULYLQJ&\FOH1('&
VHH )LJ  ZLWK PHDVXUHPHQWV WDNHQ IURP >@ DV D EHQFKPDUN
0$ DQG 1G)H% 1 DUH UHVSHFWLYHO\ VHOHFWHG IRU
HOHFWULFDO VWHHO DQG30PDWHULDOV%\DVVXPLQJGXULQJ WKH1('&
GULYLQJF\FOHWKHVWXGLHGYHKLFOHLVGULYHQE\DQ,30PDFKLQHRI
ZKLFK ERWK HOHFWURPDJQHWLF WRUTXH DQG UHOXFWDQFH WRUTXH HTXDOO\
FRQWULEXWHV WR LWV UDWHG WRUTXH DW EDVH VSHHG ZLWK DURXQG 
HIILFLHQF\ DFKLHYHPHQW PDFKLQH JHRPHWULHV SDUDPHWHUV
FRQVLGHULQJ PDWHULDO VDWXUDWLRQ HIIHFWV DQG RSHUDWLQJ HIILFLHQF\
PDSV FDQ EH JHQHUDWHG ZLWKLQ VHFRQGV XVLQJ WKH SURSRVHG VL]LQJ
PHWKRG )RU D JLYHQ WRUTXH±VSHHG RSHUDWLQJ SRLQW PDFKLQH FRUH
ORVV FRSSHU ORVV DQG HIILFLHQF\ FDQ EH FRPSXWHG YLD ±
5HOHYDQWGTD[LVFXUUHQWVDWDJLYHQ WRUTXH±VSHHGRSHUDWLQJSRLQW
VKRZQLQDUHFDOFXODWHGYLDWKHFRQWUROPHWKRGSUHVHQWHGLQ>
@
Ploss
c
= wc( f ,Bc)mc
s = wc
t( f ,Bc(t))mc(t)
s + wc
y( f ,Bc(y))mc(y)
s 
ZKHUHmcsLVWKHVWDWRUFRUHPDVVmc(t)s LVWKHVWDWRUFRUHWRRWKPDVV
DQGmc(y)s LVWKHVWDWRUFRUH\RNHPDVV
Ploss
cu
= 3(id
2
+ iq
2
)rs/2 
e = [Teωm/(Teωm + Ploss
cu
+ Ploss
c
)] 
0DLQJHRPHWULHVRI WKH0*7R\RWD3ULXV WUDFWLRQPDFKLQH
>@ DQG WKH SURSRVHG WHFKQLTXH UHVXOWV DUH SUHVHQWHG LQ 7DEOH 
ZKHUHLWLVVKRZQWKDWWKHUHLVDJRRGPDWFKLQVL]LQJEHWZHHQWKH
SURSRVHGPHWKRGDQGWKH0*PD[LPXPGLIIHUHQFHIRUVWDWRU
UHVLVWDQFH7RIXUWKHUYHULI\WKHSURSRVHGWHFKQLTXH)(SDFNDJHLV
HPSOR\HGWRDQDO\VHWKHVWXGLHG,30PDFKLQHFKDUDFWHULVWLFVXVLQJ
REWDLQHG PDFKLQH JHRPHWULHV IURP WKH SURSRVHG PHWKRG )LJ 
VKRZV ZHOOPDWFKHG UHVXOWV EHWZHHQ WKH SURSRVHG WHFKQLTXH DQG
WKH )( VWXG\ ,Q )LJ  WRUTXH ZDYHIRUP DW WKH FRQWLQXRXV UDWHG
YDOXH(팀NPDQGWKHSHDNYDOXH(팀NPXQGHU)(VWXG\DUH
DOVR SUHVHQWHG ZLWK UHOHYDQW FXUUHQW DQJOH ȕ DV  DQG 
UHVSHFWLYHO\ 8VLQJ WKHVH YDOXHV LW FDQ EH GHPRQVWUDWHG WKDW WKH
HOHFWURPDJQHWLF WRUTXH FRQVLGHULQJ VDWXUDWLRQ HIIHFW UHVSHFWLYHO\
FRQWULEXWHVXSWRDQGRIWKHUDWHGDQGSHDNWRUTXHRIWKH
VWXGLHG ,30 WUDFWLRQ PDFKLQH WRUTXH ,Q DGGLWLRQ QRORDG ORVV
FRUH ORVV IURP WKH SURSRVHG PHWKRG LV DOVR ZHOO YDOLGDWHG ZLWK
ERWK)(DQGPHDVXUHGUHVXOWV>@VHH)LJ
,Q )LJ  ZHOOPDWFKHG FXUUHQW PDJQLWXGH EHWZHHQ WKH
SURSRVHG WHFKQLTXH VHH )LJ D DQG PHDVXUHPHQW >@ VHH
)LJERYHU WKH VSHHG±WRUTXHRSHUDWLQJ UDQJHFDQEHREVHUYHG
%\ FRPSDULVRQ PDFKLQH HIILFLHQF\ PDSV EHWZHHQ WKH SURSRVHG
WHFKQLTXH LQ )LJ D DQG PHDVXUHPHQW >@ LQ )LJ E WKH
HIILFLHQF\ RI WKH SURSRVHG UDSLG VL]LQJ PHWKRG FDQ EH KLJKO\
GHPRQVWUDWHG,WLVQRWHGWKDWZLWKDOLPLWHGFRPSXWLQJUHVRXUFHLW
LV RQO\ WDNHQ (팀mLQ IRU WKH SURSRVHG WHFKQLTXH WR FRPSOHWH WKH
)LJ௒%±+FXUYHRIVHOHFWHGHOHFWULFDOVWHHO0$

 -(QJ
7KLVLVDQRSHQDFFHVVDUWLFOHSXEOLVKHGE\WKH,(7XQGHUWKH&UHDWLYH&RPPRQV$WWULEXWLRQ/LFHQVH
KWWSFUHDWLYHFRPPRQVRUJOLFHQVHVE\
VL]LQJ 7DEOH  FRPSXWH PDFKLQH SDUDPHWHUV FRQVLGHULQJ
VDWXUDWLRQ HIIHFWV )LJ  DQG JHQHUDWH UHOHYDQW RSHUDWLQJ DQG
HIILFLHQF\PDSV>VKRZQLQ)LJVDDQGD@
௑&RQFOXVLRQ
7KLVSDSHUSUHVHQWVDUDSLGVL]LQJPHWKRGIRU,30WUDFWLRQPDFKLQH
FRQVLGHULQJ VDWXUDWLRQ HIIHFWV ,W KDV EHHQ GHPRQVWUDWHG WKDW ZLWK
OLPLWHG FRPSXWLQJ UHVRXUFHV VL]LQJ SDUDPHWHUV FRQVLGHULQJ
VDWXUDWLRQHIIHFWVDQGHIILFLHQF\PDSVRIDQ,30PDFKLQHFDQEH
JHQHUDWHGDQGWKHHIILFLHQF\RIWKHPDFKLQHFDQEHHVWLPDWHGRYHU
WKH1('&F\FOHHJZLWKLQVHFRQGVZLWKDFFHSWDEOHDFFXUDWHQHVV
LQFRPSDULVRQZLWK)(VWXG\DQGPHDVXUHGUHVXOWV7KHSURSRVHG
UDSLG VL]LQJ PHWKRG LV KLJKO\ HVVHQWLDO DW WKH SUHOLPLQDU\ GHVLJQ
VWDJHRI(9SRZHUWUDLQV
7DEOH(? &RPSDULVRQEHWZHHQWKHSURSRVHGFRQFHSWUHVXOWVDQG0*7R\RWD3ULXV>@
6SHFLILFDWLRQV 0*7R\RWD 3URSRVHGFRQFHSW 'LII
SRZHU:   
PD[LPXPVSHHGUSP   
SHDNWRUTXH1P   
'RVPP   
'LVPP   
'RUPP   
9PFP   
OVWNPP   
QXPEHURIWXUQV   
UVȍ   

)LJ௒0DFKLQHSDUDPHWHUVFRQVLGHULQJVDWXUDWLRQHIIHFWV
DTD[LVLQGXFWDQFHE30IOX[OLQNDJH

)LJ௒7RUTXHZDYHIRUPDQG UHOHYDQW FXUUHQWPDJQLWXGHDW UDWHG WRUTXH
DQGSHDNWRUTXHGHPDQGIURP)(VWXG\

)LJ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